Excellent passivation of the crystalline surface is known to occur following post-deposition thermal annealing of intrinsic hydrogenated amorphous silicon thin-film layers deposited by plasmaenhanced chemical vapour deposition. The hydrogen primarily responsible for passivating dangling bonds at the crystalline silicon surface has often been singularly linked to a bulk diffusion mechanism within the thin-film layer. In this work, the origins and the mechanism by which hydrogen passivation occurs are more accurately identified by way of an interface-diffusion model, which operates independent of the a-Si:H bulk. This first-principles approach achieved good agreement with experimental results, describing a linear relationship between the average diffusion lengths and anneals temperature. Similarly, the time hydrogen spends between shallow-trap states is shown to decrease rapidly with increases in temperature circuitously related to probabilistic displacement distances. The interface reconfiguration model proposed in this work demonstrates the importance of interface states and identifies the misconception surrounding hydrogen passivation of the c-Si surface. V C 2013 AIP Publishing LLC. [http://dx
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I. INTRODUCTION
As crystalline silicon (c-Si) wafers decrease in thickness, the importance of reducing recombination at their surfaces is even more critical for producing high-efficiency solar cells. Passivation of recombination-active electronic states on the c-Si surface is often achieved by their hydrogenation, effectively reducing the density of surface states through the use of a deposited dielectric layer, namely, silicon nitride (SiN x ) or amorphous silicon (a-Si:H). Therefore, the motion and interaction of hydrogen from within these layers to the c-Si surface are of particular importance for optimising passivation. For a-Si:H, measured defect densities between 10 15 and 10 17 cm À3 (Refs. 1 and 2) discourage high concentrations of "free" hydrogen in the deposited films, as a source for hydrogenated passivation of c-Si. Similarly, the spontaneous release of hydrogen under thermal loading, although possible from a 3-fold Si-configuration at 2.49 eV, is also unlikely for low temperature processing conditions. 3 Subsequently, Pantelides 1 proposed a condition, where hydrogen from within the thin-film bulk would diffuse with an energy of approximately 1.5 eV towards the unpassivated c-Si surface via a "bond-interconversion" pathway, without the need to break hydrogen bonds. To give explanation towards the improved measured surface recombination velocities (s eff ) for c-Si when deposited with a-Si:H or its analogous SiN x at all temperatures below 600 C, 4-8 numerous experimental and theoretical studies have referred to this trap-limited bulk diffusion model for hydrogen diffusion of the c-Si surface. [9] [10] [11] [12] [13] [14] [15] Indeed, for much of the past decades, this mechanism has, through reference alone, been assumed to govern passivation through hydrogenation. [4] [5] [6] [16] [17] [18] Hydrogenated layers with high hydrogen content (H%) were initially deemed a necessity to maximise surface passivation, however, higher hydrogen concentrations also resulted in lower measured effective carrier lifetime (s eff ). To overcome this duplicity, thicker films (>50 nm) with lower H% have been as a rule in the past and have been used to increase the supply of hydrogen, without increasing the concentration within the layer. Although HiT solar cells have achieved excellent passivation with very thin intrinsic and doped layers, the relation between hydrogen and passivation for low temperatures is not fully understood.
Notwithstanding the advances in this branch of Photovoltaics, the conception of bulk diffusion does not clarify why preferential diffusion of hydrogen towards the interface would be expected to occur in opposition to other defect-rich regions throughout the bulk of the thin-film layer. Neither does it explain the high quality passivation results achievable using thin 5 nm a-Si:H(i) layers with [H] < 10%. Moreover, unlike SiN x , the "inter-conversion" bulk diffusion mechanism would be significantly compromised by the high defect of the a-Si:H layer deposited within a low temperature regime.
In earlier work, 19 the lack of good passivation of the cSi surface for as-deposited a-Si:H layers provided insight into the hydrogenation process, both during deposition and following post-deposition thermal annealing. In particular, thermal annealing was shown to improve the surface state configurations, where the surface states were also found to relax during annealing, likely by lowering the adsorption barrier. 20, 21 Indeed, the energy required to flip an asymmetric Si-dimer into a suitable configuration for hydrogen adsorption is only 0.1 eV for Si h100i, 22 slow and cannot be forced by incident hydrogen during deposition. 23 The relatively high deposition rate (4 Å s
À1
) of our earlier, low temperature work gave insufficient time for the Si surface to reconfigure ideally for hydrogen adsorption.
To improve our understanding concerning the physical process of c-Si surface passivation driven by hydrogenation, this paper seeks to clarify the ambiguity surrounding the origins of the hydrogen responsible for the significant improvements observed in the electronic quality of the a-Si:H/c-Si interface following earlier, post-deposition thermal anneal experiments.
II. INTERFACE-DIFFUSION MODEL
Brenig, Grob, and Russ 24 have proposed a surface state model, which focused on the reconfiguration of surface states since the presence of these in the Si band-gap can lead to the subsistence of the adsorption barrier. As the a-Si:H undergoes structural relaxation during thermal annealing, the contribution of network stress to the height of the absorption barrier is minimal. Hence, incident hydrogen may be adsorbed without experiencing a large barrier, 23, 25 Merging this concept with the work by Tuttle and Adams, 26 Bratu et al., 27, 28 Fedders, 29 and Street, 30 it is likely that a mechanism may exist without an indicative dependence on bulkdiffusion. Previous work has determined the activation energy for the surface passivation mechanism to be 0.7 6 0.1 eV, 19, 31, 32 below the energy typically ascribed for hydrogen diffusion from the thin-film bulk. Alternatively, it is proposed that underpinning the surface passivation process is mechanism for lateral diffusion over the c-Si surface consistent with the transport of hydrogen at low temperatures. Utilising chemisorption and probabilistic based formulae, a model has been developed describing hydrogen interface mobility within the bounds of the above value for E A . In Figure 1 , the essential concept of the model is illustrated.
In this model, hydrogen diffusion occurs laterally on the c-Si surface and beneath the a-Si:H(i) bulk layer by localised hopping of low energy states, where the hydrogen absorbed at one site jumps to another site on the surface via shallow trapping states. As described, hydrogen from intermediate trapping sites with desorption energies E d1À3 move from trap to intermediate, then to the transport level. Here, quasi-bonded hydrogen laterally diffuse across the c-Si surface, via a series of shallow traps, with energies (E T ) between 0.2 eV and 0.4 eV as measured through IR and SIMS spectroscopy. 12, 33 For this, hydrogen is considered mobile between traps through a transport level, and any surface diffusion will be a random walk in 3-dimensions, potentially influenced by phonon scattering. Therefore, hydrogen passivation may be considered a balance between the probabilities of desorption and mobile hydrogen from the a-Si:H being shallow or deeply trapped.
The merit of a low, 0.7 eV thermal activation energy for surface passivation can be assessed by a trapping coefficient (s o ). This parameter governs the adsorption of mobile hydrogen at favourable sites, such as dangling bonds (i.e., p-bond), proportional to the fractional hydrogen coverage (h). Typically, the site-limited, low trapping probability of mobile hydrogen characterised by low s o describes widespread hydrogen coverage of the c-Si surface;
23,34 a consequence of the apparently large adsorption barrier near equilibrium when site-blocking is taken into account. As shown in laser-induced desorption experiments, s o is thermally activated 23 and therefore may be expressed according to an Arrhenius-like equation, where site-blocking and r-bonds are applicable
In this, a pre-exponential factor (A o ) of 7 Â10 À2 6 0.5 is assumed, 23, 24 with E A being the thermal activation energy determined in previous work, 35 Boltzmann's constant (k b ), and substrate temperature (T). For the Si h100i surfaces in this work, a value for s o 10 À9 is calculated appropriate to E A of 0.7 eV. This linkage to the thermally activated surface passivation mechanism independent of the a-Si:H bulk hydrogen diffusion 19, 35 would be expected to encourage lower frictional resistances to hydrogen mobility and lower energy requirements due, in part, to the reduced displacement during lateral diffusion.
Similar results have been observed for temperature programmed desorption at higher temperatures, 27 
A. Dynamic surface states
If hydrogen surface states are considered dynamic, the surface diffusion of hydrogen can be approximated as pseudo-chemisorption, allowing the hydrogen coverage of the c-Si surface to be calculated from the experimentally determined E A and calculated s o . As a part of this model, three principles are first established:
• Adsorption cannot proceed beyond the monolayer coverage; • All sites are treated as equivalent on a uniform surface;
• The efficacy of hydrogen to be adsorbed at any site remains independent of the occupation of neighbouring sites.
Thus, at any given temperature, k d remains constant and hydrogen may remain within the transport layer of the interface region until a trap site, either shallow or deep, is located. Mobile hydrogen transport has been reported to occur across shallow traps with a minimum energy of 0.2 eV. 37, 38 If the additional assumption that hydrogen can be sourced from above the monolayer is applied, a reservoir of sourceable hydrogen becomes available, as shown by real-time spectroscopic ellipsometry and spectroscopy, 39 to effectively passivate the interface invoked by the principle of detailed balance.
According to the Arrhenius determinations for activation energy, a 1st order rate of desorption is initially suited for the Si h100i surface. 40, 41 From the Polanyi-Wigner equation, the temperature dependent desorption probability (t d ) can be written as 
where h is the fractional hydrogen coverage of 0.8 for 0.14 ML 23, 27, 41 and m is the reaction order. 43 However, for the Si h100i surface, desorption undergoes both 1st and 2nd order kinetics due to the presence of two distinct desorption pathways. In the first, desorption of hydrogen occurs from adjacent Si atoms of a single dimer. 41, 42 For 2nd order, the formation of a secondary, intermediate dihydride phase, facilitating the desorption process from two monohydrides, occurs simultaneously. [44] [45] [46] Therefore, a variable reaction order is commonly implied for the Si h100i surface and a value of 1.56 is often chosen, however, through numerical analysis to the previous experimental results a value closer to 1.7 (Refs. 47 and 48) is recommended for an initially unpassivated c-Si surface in the presence of hydrogen, accounting for any 2nd order desorption as well.
B. Dependence of hydrogen surface coverage on desorption
If surface coverage is determined by the rate of desorption, then, given the barrier to adsorption at a suitable trap site would be minimal, it's influence is negated in this analysis. Equivalent to saying, k a will have little influence upon the rate of surface coverage compared to k d . Therefore, the coverage for deeply trapped hydrogen at any given time would be reliant upon the temperature dependent flux (U) of the desorbed hydrogen linking the release of interstitial hydrogen to surface coverage. For temperature dependent desorption, the probability of mobile hydrogen bonding at any suitable site would be expected to increase as temperature increases. By relating this to the Arrhenius expression for t d (Eq. (2)) and k d (Eq. (3) ), midway between 1st and 2nd order kinetics for fractional hydrogen coverage's, U can be expressed according to Eq. (4). Table I briefly lists the results of this calculation for a range of temperatures
If the concentration of mobile hydrogen is low, relative to immobile SiH, the coverage dependence of s o can be considered constant at any given temperature below 300 C, until the reaction approaches equilibrium. Relating desorption to a thermally activated chemisorption process, the density of mobile hydrogen will vary linearly with the square root of the concentration. From this, the time-dependent hydrogen coverage (h t ) can be approximated from the flux of mobile hydrogen (U) for any given pathway and s o , limited by the total hydrogen coverage according to Fick's law and Kohlrausch's Law, 49 giving
where h (t)max is the maximum experimental coverage for the Si surface (approximately 8 Â 10 14 cm À2 for Si h100i 23, 24, 50 ) with time. This is in-line with the average number of available bonds for the h100i surface of 6.8 Â 10 14 cm
À2
. 51 As an abundant source of interstitial hydrogen is located at or near the interface, a constant rate of desorption for a chosen anneal temperature can be assumed.
In Figure 2 , increases in the effective hydrogen coverage calculated from our model are seen to closely follow improvements in the effective carrier lifetime 19 resulting from post deposition thermal annealing for a range of temperatures common to a-Si:H processes. As expected, with a fractional coverage, saturation of the c-Si surface occurs at approximately 10 14 cm À2 following deposition; proceeding rapidly at first, then slowing as suitable sites are reduced. Similar annealing times to achieve "saturation" of the c-Si surface dangling bonds have previously been reported 35 and suggest the passivation of the c-Si surface is dependent upon the thermal mobility of hydrogen across the interface, a condition overlooked in the bulk-diffusion process. In describing the two radically different diffusion phenomena, a surface reconfiguration mechanism is more acceptable as being responsible for coverage and passivation of the c-Si surface than bulk diffusion. The trend observed in Figure 2 may aptly be believed to result from a simple increase in the rate of absorption (k a ), as the absorption barrier lowers, with disregard to the source of the hydrogen. However, for surface based reactions, the observed trend should instead be considered the result of increases to the rate of desorption (k d ) relative to k a , of interstitially-trapped hydrogen (i.e., k a ( k d ) with an already inconsequential absorption barrier. Essentially, the probability of interstitial hydrogen being desorbed and diffusing laterally across the interface must be considered. In this, hydrogenation of the c-Si surface would proceed rapidly within the first few minutes, as observed in Figure 2 , due to the increased desorption rate and availability of absorption sites (high s o ).
For hydrogen, the probability of having sufficient energy to overcome the dissociation barrier and undergo lateral diffusion can be expected to increase rapidly with temperature. Hence, the rate of adsorption with negligible barrier can be considered dependent upon the rate of desorption, regulated only by the current c-Si surface coverage, the anneal temperature, and the time required for hydrogen to locate a trapping site. This would be the case when hydrogen, located at interstitial bonding sites within the interface region, is sufficient for full coverage of the c-Si surface. For this, a reconfigured surface state occurs.
C. Mobile hydrogen diffusion
To understand what is occurring to hydrogen at the aSi:H/c-Si interface during c-Si surface reconfiguration, the diffusion coefficient for mobile hydrogen (D m ) is determined by an Arrhenius-like expression relating to the thermally activated surface passivation. Here, E H is the energy for hydrogen release equal to the interstitial potential well energy, approximately 0.31 eV. 
Remembering the diffusion of hydrogen laterally across the c-Si surface is assumed trap-limited, being typically terminated by capture at any deep-trapping site (i.e. passivation of a dangling bond). Given mobile hydrogen concentrations are small compared to immobile hydrogen, 53 the interdependence is defined by
where N m is the mobile hydrogen density (i.e., flux), N H is the immobile hydrogen density for a-Si:H (i.e. . 53 As hydrogen within the a-Si:H bulk remains deeply trapped, the value of D H should remain low. 35 For a random-walk in 3-dimensions, the hydrogen diffusion coefficient can be written as
where t o H is the emission rate of mobile hydrogen per Si-H pair at a given temperature, a is the average distance between deep-trapping sites (2.3 Â 10 À8 cm), 17, 23, 54 and N db is the dangling bond density (10 16 cm À3 ) 2,53 for temperatures between 190 C and 300 C. As the distance between traps is only a few nanometres, the initial coverage rates following post-deposition thermal annealing are expected to be high. Also noting that less energy is required for the smaller displacement which Hydrogen undergoes.
In Figure 3 , the effective hydrogen flux is seen to increase rapidly as the anneal temperature increases. As U increases with temperature, N m (i.e., transport level density) decreases due to increases in D m . To understand this apparent contradiction, we consider U not as a measure of hydrogen in the transport level itself, but rather an average of the hydrogen moving between sites in the transport level. Therefore, the adsorption occurs rapidly relative to desorption and we can expect h to approach saturation quickly for higher temperatures as the probability of hydrogen becoming trapped by a dangling bond increases with temperature. Branz reported a similar value of D m for mobile hydrogen within the transport level at 210 C 15 using a lower value for t o and higher E A , resulting in a calculated N m one order in magnitude higher than in this work. In Figure 3 , the effect SiH 2 in secondary pathways can have on uncompensated calculations for D m is displayed, consequently effecting N m . For the result reported by Branz, it may be concluded that no account for the presence of SiH 2 within a secondary intermediate pathway was made.
D. Diffusion lengths and transport time
With D H determined from Eq. (8), the average lateral diffusion length of mobile hydrogen in the transport level may also be calculated according to the kinetic formula for diffusion, where the diffusion length of hydrogen between traps (k H ) is determined
In this, the displacement is assumed to correspond to deeptraps only, as shallow trap pathways are considered infinite. Figure 4 gives the mean distance hydrogen may travel across the c-Si surface, exhibiting a linear relationship with increases in the thermal anneal temperature up to 300 C. Similarly, the average time spent by mobile hydrogen in the transport level prior to being trapped by a dangling bond can be approximated from the Einstein-Smoluchowski equation (Eq. (10)) for diffusion. This associates the individual details regarding particle motion with the microscopic parameters relating to diffusion (i.e., linking the diffusion coefficient and Stokes-Einstein)
The average hopping time (s H ) for mobile hydrogen between traps can be calculated from this, with the results shown in Figure 4 . It is surmised that, for the anneal temperatures studied in this work, hydrogen within the first few mono-layers is capable of moving across the c-Si surface or from the nearinterface region to passivate a dangling bond. Furthermore, bulk hydrogen diffusion, although noteworthy in high temperature processes, is not suited to explain c-Si surface passivation as observed in annealing experiments at lower temperatures, provided sufficient hydrogen is available near the interface.
E. Composition of E A
In considering a surface, which reconfigures to accept laterally diffusing hydrogen, and where surface states in the Si band-gap may reduce the adsorption barrier to hydrogen by increasing the Si-Si bond lengths during adsorption, 27 only three types of transitions are relevant here:
1. Transport between traps within transport level, 2. from the transport level, and 3. to the transport level.
Given the energy to overcome the potential barrier for dissociation from an interstitial site to a mobile site remains constant, one supposition of our model is that the calculated value for E A of 0.7 6 0.1 eV may represent the sum of different energies for each of the above transitions, and may in part explain the slow, but eventual passivation of the c-Si surface by a-Si:H below 200 C. 35 As the thermal anneal temperature is increased, the probability for mobile hydrogen to continue to diffuse across the c-Si surface until a suitable deep trap is located also increases, as does the probability of interstitial hydrogen overcoming the dissociation potential. As previously stated, the minimum energy required for hopping of mobile hydrogen across shallow traps (E H ) is approximately 0.2 eV. 55 Similarly, the energy required for hydrogen to overcome the dissociation potential barrier for interstitial bonding (E i ) has been reported to be approximately 0.48 eV from ESR experiments. 31 The aggregate difference, referred here to as residual energy (E R ), may either participate in the transport mechanism or relaxation of Si-H bonds during adsorption. From this, E A can be described according to
In this way, E R may conceived as assisting the probability that hydrogen will diffuse across the c-Si surface, and also being adsorbed at different trapping sites relating to the relaxation energy of the Si-H bond ( Figure 5 ). The proposed surface diffusion mechanism for hydrogen is consistent with interstitial transport of hydrogen with a distribution for E A over a range of 0.2-0.5 eV, as reported in Refs. 12 and 33. The differences in these energies would be accounted for by E R if a low or negligible adsorption barrier is assumed, although its exact nature remains unknown. 
III. CONCLUSION
In this work, hydrogenation was studied from the viewpoint of passivating the c-Si surface by considering the activation energy and a mobile hydrogen surface transport process. Proposed is a surface-limited transport mechanism likely responsible for the passivation of the c-Si surface by hydrogen. Below 300 C, a linear relationship exists between the diffusion distance and the anneal temperature, inconsistent with a bulk diffusion-limited mechanism. In describing the two radically different phenomena, it is reasonable to conclude the latter may simply have masked the underlying surface-reaction mechanism responsible for passivation of the c-Si surface. Quantifying the activation energy for surface passivation (i.e., 0.7 eV) in terms of the trapping coefficient and hydrogen coverage, the surface-diffusion model should therefore be independent of bulk a-Si:H diffusion, where E A is most likely comprised of the energies for three fundamental surface processes.
Correlations between increases in the thermal anneal temperature and the mean interface diffusion length of hydrogen have been shown, describing a mechanism where the probability of mobile hydrogen having an average energy sufficient to transport itself from an interstitial site to a deep trap increases with temperature.
